The objective of this work is to study the effect that the addition of magnetic nanoparticles to a natural ester has on its properties and its cooling capacity. Some samples of ferrofluid (natural ester with maghemite) have been prepared using different concentrations. These have been characterized by measuring their thermo-hydraulic and dielectric properties, to find an optimal concentration. Then, the cooling capacities of the optimal nanofluid and the base fluid have been tested in a transformer immersed in these liquids. The experimental platform allowed the measurement of temperatures in different locations at different load levels. Parallel simulations of these tests have been carried out with a Computational Fluid Dynamics model of the experimental platform. The results show an improvement of the insulating capacity of the base fluid with the addition of maghemite nanoparticles, and an enhanced cooling capacity.
I. INTRODUCTION
The electric grids will grow in importance in the mid-term due to the generalization of the electric transportation. The road transport represented more than the 25% of the final energy consumption in EU28 by 2015 [1], covered mainly by fossil fuels. Under the fight against pollution, the environmental public policies promote the transition of this demand towards renewable sources, intimately linked with the production of electricity, by increasing the share of electric vehicles. Thus, an increase of the percentage of energy delivered by the electric grid is expected.
Additionally, renewable energy sources (solar and wind power stations) can disrupt the planned operation of the Transmission System Operators (TSO) of the electric grid.
These challenges would be especially demanding for electric transformers, as nodes in networks. The grid resilience can be enhanced by the adoption of transformers with extraloadability. These must be adapted to manage these levels of power in safety by increasing their efficiency. A traditional The associate editor coordinating the review of this manuscript and approving it for publication was Giambattista Gruosso .
problem is the weakness of the cellulosic insulation of transformer windings due to hot spots produced by high loads.
As in other scientific fields, a possible solution could rise from the nanotechnology. The use of nanoparticles is growing in importance in medicine, in detection and treatments against cancer or in the administration of medicines [2] , [3] , in material science, obtaining enhanced properties polymers and materials for several applications [4] , [5] , in the treatment of industrial wastes, as they are able to capture polluting substances [6] , and also in energy and thermal engineering, for energy and heat storage and cooling [7] - [9] . Beyond the advantages of the application of nanoparticles in technology, further considerations must be taken, regarding the consequences over the environment.
The improvement of transformer's cooling systems by the application of dielectric nanofluids is also under investigation since it was proposed in the late 90's [10] . This consist in the addition of a solid fraction of nanoparticles to traditional dielectric oils with the aim of improving their cooling capacities.
Several researches support this idea, mainly carried out by measuring how the thermal conductivity (k) of a mineral VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ transformer oil is affected by the presence of some metal oxide nanoparticles, by mean of the Hot Transient Wire technique (HTW). These nanoparticles have thermal conductivities several times higher than those usually found in dielectric oils, and with important differences between them [11] - [19] . Thus, Chiesa and Das [12] , Choi et al. [20] , and Xie et al. [21] developed Al 2 O 3 oil-based nanofluids of different concentrations, between 0.25 and 1 vol.%, between 0.5 and 4 vol.%, and 5 vol.%, respectively. Their results reflect both an enhancement of the thermal conductivity of nanofluids respecting the base fluids, between 2 and 38%, and that these increases are bigger the higher the concentration of the solid fraction is. The resulting variation of the conductivity was equivalent among those concentrations similar enough. This is not the case with other nanoparticles whose k is lower, as they are SiO 2 , also investigated by Chiesa and Das [12] , or TiO 2 , taken in consideration by Jin et al. [11] and Zhen Lv et al. [22] . In the first case, the same concentrations of nanoparticles produced an increase of conductivity around the half one obtained with Al 2 O 3 . The second one has been used with concentrations around 0.1 vol.%, reaching variations of k up to 1.2%. On the contrary, iron species have shown better improvements of the thermal conductivity according to Nkurikiyimifura et al. [23] , as concentrations between 1 and 5 vol.% reached enhancements of k in the range 10-60% in the absence of magnetic field.
This kind of studies has not only focused on thermal conductivity but also in other related properties. This is the case of the work developed by Mansour et al. [24] , where the heat transfer coefficient (h) of Al 2 O 3 nanofluids is tested. Here, with concentrations between 0.1 and 0.6 kg/m 3 , this research team found variations up to 15% respecting base fluid's h coefficient. This result points to a more pronounced effect of nanoparticles over h than over k, as with lower concentrations the enhancement of h was larger respecting those found over k in other studies. Peppas et al. [25] also studied the same parameter in nanofluids that combine Fe 2 O 3 and vegetal base oil, with similar results, as the cooling was improved up to 45% with concentrations more than one hundred times less than those used by Nkurikiyimifura.
Nevertheless, other factors must be considered beyond the thermal properties, as oils play two different roles in transformers (cooling fluid and windings insulator). Several studies have demonstrated the additional positive effect of nanoparticles on dielectric properties such as breakdown voltage (BDV) of base fluids. However, in these studies, it has been found that there is a specific and low concentration that, if it is increased, this positive effect disappears. Hanai et al. [26] and Muangpratoom and Pattanadech [27] discovered that after improvements of BDV close to 25 % due to the presence of 0.05 and 0.03 vol.% of TiO 2 respectively, at higher concentrations this parameter started to decrease, with some results under the BDV of the base fluid, according to Hanai research. Peppas et al. [25] , Irwanto et al. [28] , Rafiq et al. [29] , Imani et al. [30] , and Primo et al. [31] found a similar situation with Fe 2 O 3 and Fe 3 O 4 nanofluids in different concentrations (0.1 to 0.5 kg/m 3 ). Viscosity is another parameter that constraints the use of high concentrations [20] .
As can be noticed in the mentioned researches, and in available reviews in this field, as those of Primo et al. [32] , Ahmad et al. [33] or Patil et al. [34] , most of the works in this field have focused on measurements of dielectric and thermal properties. Therefore, a closer approach to actual transformer oil operation conditions is needed.
In this sense, maghemite is one of the most promising nanoparticles, according to the references analyzed. This can be seen not only from the technical point of view. It has been demonstrated that nanoparticles are able to reach the environment from products which have them as components, as clothes, lotions or facade paints [35] . In these cases, depending on their size, concentration, shape, specific surface and composition, the nanoparticles can present a harmful effect on the living beings [35] , [36] . They could affect the metabolism of the plants, the skin or the respiratory tract of the animals and they could even be stored in soft tissues and incorporated into the trophic chain [35] , [36] . In [37] , Arouja et al. shown that the toxicity of iron oxide nanoparticles could be classified as medium. Other different studies at higher concentrations support their limited effect [36] , [38] .
In parallel, several TSOs are starting to use transformers equipped with high-temperature insulating materials (natural esters and thermally upgraded Kraft papers) able to provide a permanent overloading up to 150% of nominal rating [39] , [40] .
This paper presents an experimental study on the impact of maghemite nanoparticles on the cooling capacity of a commercial natural ester. Before performing these tests, the characterization of fluid properties is conducted, to find the optimal concentration of maghemite according to nanofluids dielectric and/or thermal properties. Then, temperature variations in an experimental platform cooled by either a natural ester or maghemite nanofluid are compared at three load rates. The results obtained are compared with those from Computational Fluid Dynamics (CFD) models of the platform transformer. These simulations have proved previously to be reasonably accurate in the representation of the behaviour of nanofluids [41] .
II. MATERIALS AND METHODS

A. EXPERIMENTAL TESTS
The properties of the base fluid, according to its manufacturer, are shown in Table 1 . The solid fraction is composed of high purity maghemite spherical nanoparticles (CAS# 1309-37-1, Lot n • : FE-C1L20.1/091400500), with a mean size between 10 and 20 nm of diameter, according to the manufacturer (TECNAN).
The preparation of the samples follows the two-step method typically used in this kind of works. A certain amount of Fe 2 O 3 nanoparticles is added carefully to the natural ester, and then the mixture is set under mechanic stirring for 15 minutes, followed by 12 hours under treatment with ultrasounds in a bath. With this procedure a proper distribution of the solid fraction is warranted.
Although during the preparation the samples are exposed to the environment, these are not submitted to any step of drying. They are just kept static for another 12 hours to dissipate any bubble arose during the process.
The selected nanoparticle concentrations for the characterization of nanofluids properties are 0.1, 0.2, 0.3, 0.4 and 0.5 kg/m 3 , as this is the range where usually optimal concentrations, from the dielectric point of view, were noticed. Once the natural ester base fluid and the ferrofluids are prepared, the tests to measure their properties are carried out, following the methods set in the IEC standards, when available.
The thermal conductivity is measured at different temperatures using a KD2 Pro Thermal properties analyzer (5% uncertainty). Every 15 minutes the analyzer takes a thermal conductivity measurement while samples cool down from 323K to ambient temperature. To determine the viscosity and shear stress of samples a rotatory viscosimeter Haake viscotester 550 (0.5% uncertainty) is used. It needs 50 ml of sample for each test, measuring the dynamic viscosity at different temperatures, controlled by an external fluid circuit linked to a thermostatic bath. To analyze the shear stress both the base fluid and the highest-concentrated nanofluid have been subjected to controlled variations of the turning speed of the viscosimeter sensor. The rotor changes between three different and constant speed regimes, alternated with linear increasing and decreasing speed periods. Two series of these tests have been done for each sample, at ambient temperature. Regarding the density evolution with temperature, it is estimated with a density meter Mettler Toledo DM40 (0.1 kg/m 3 measurement error), at six different temperatures between 293 and 343K.
Different dielectric properties are measured. The AC breakdown voltage is determined by a bA100 dielectric oil tester, using 400 ml of sample at rated temperature, according to IEC 60156 methodology. A BAUR DTL 2a is used to measure the resistivity and the loss factor. These tests are carried out with 45 ml of sample at 363K (IEC 60247). The moisture content is also controlled, since the dielectric properties depend on this parameter, by Karl-Fischer Titration (IEC 60814) in a Metrohm 899 coulombmeter.
Following the experiment used by Patel et al. [42] , an experimental setup was developed to study the cooling performance. The most promising ferrofluid among the studied ones has been tested in a prototype distribution transformer, in comparison with base oil (natural ester). This experimental platform has been made with a small single-phase transformer (800 VA, 115/230V), shown in Fig. 1 immersed in a tank, which acts as the casing of the machine. The two samples (about 6.5 liters each) are poured in the 20 cm × 20 cm × 20 cm casing, made of stainless steel, until the transformer is completely covered with coolant. This design was developed from the experience in previous works [43] . The sample movement inside the tank is driven only by natural convection cycles to dissipate the heat produced during operation. The platform temperatures are monitored by four probes located in strategic places of the transformer (top, bottom, iron and windings). The Fig. 1 shows, approximately, the location of the four probes. Also, an external probe was used to measure the ambient temperature, taken as reference. The measurement and recording of the temperatures are made by a microcontroller (Arduino) and an Integrated Development Environment (IDE).
The platform was tested in load tests with three different load levels, represented by load indexes C (C = 0.7, C = 1, C = 1.3). The rated currents of the transformer are 7A (115V) in the primary winding and 3.5A (230V) in the secondary winding. Each load index C is a coefficient for the rated current to be multiplied by, resulting the current at each load level. The load levels are reached by controlling three variable resistors, shown in the scheme of Fig. 1 . In Table 2 the currents, voltages and resistances applied during the tests for each load index are summarized.
With these values we assure the study of the behavior of the samples at different temperatures. The overload regime gives also temperatures closer to those found in actual distribution and power transformers.
The temperatures of the probes are caught every five seconds during the tests until the steady-state is reached and are available during the process. The stability criteria followed is the one defined in the IEC 60076-2, that establishes this condition is reached when the variation of the top oil's temperature rises below 1K · h −1 over a consecutive period of 3 hours.
B. NUMERICAL TESTS
A numerical thermo-hydraulic 2D model of the experimental setup has been developed using Comsol Multiphysics 5.3a to study the fluid behavior in the experimental platform.
This study is based on the resolution on steady state of the governing equations that represent the physical phenomena during the work of the actual transformer. These are the equations of momentum and continuity of laminar regime, (1) and (2) respectively, and heat transfer (3), in the case of fluids, and the heat conduction equation (4) to define the heat flow in the solid parts:
In these equations ρ, u, P, µ, I, g, Cp, T and q s are density, velocity vector, pressure, dynamic viscosity, identity matrix, standard gravity, specific heat capacity, temperature and heat source, respectively.
The 2D model is solved considering both the fluid and solid domains in the heat transfer. The coupling between heat transfer and laminar flow physics allows to calculate how the temperature changes affect the fluid properties related to the fluid flow.
The geometry of the model is defined by a section, shown in Fig. 2 . The position of the experimental probes in the actual transformer is replicated in the model. A dense meshing of quadratic element in a direction perpendicular to the flow is used in the solid-liquid interface for a better capture of the velocity and temperature. Out of boundary layers, free triangular elements are used, as it can be noticed in Fig. 2 .
The mathematical description of fluid properties regarding the temperature is based on the results from the fluid characterization, with the exception of the specific heat, whose mathematical expression was provided by the base fluid manufacturer. This last was also used to represent the nanofluids, in view of the scarce effect of the nanoparticles in the other properties at the concentrations used. Also, solid components of the experimental platform are considered. Their forming materials properties (density ρ, thermal conductivity k and specific heat C p ) are shown in Table 3 , according to material distribution presented in Fig. 2 . Comsol default libraries are the source of these data. Only k is taken into account by the heat transfer equation of the model (4), as it is solved in steady state.
As it was presented in [43] , a simplifying process was necessary to model the experimental platform with a 2D section. Some simplifications and assumptions were considered to define the boundary conditions. Regarding heat transfer, axial symmetry is considered on the left edge. Also, negligible thermal resistance in the tank walls is applied to generate natural air convection. Finally, heat sources are uniform, both in the windings, due to Joule effect losses, and in the iron core, due to eddy currents and hysteresis, which were measured in experimental tests (short and open circuit tests respectively). The sum of these losses belongs to the heat source of the CFD model. Laminar flow also presents an axial symmetry in the left edge. No-slip condition is considered on the walls, so liquid velocity is zero in the wall-liquid interface. A pressure restriction point is set in the upper left corner. By last, buoyancy forces due to density differences in the fluid are considered as the origin of natural convection. The validation of the 2D numerical model is made by comparison between the temperatures obtained in the virtual probes and those measured by the probes in the experimental platform. A maximum difference of ±1% has been set as validation condition, with the temperatures expressed in K.
III. RESULTS
A. THERMAL AND DIELECTRIC CHARACTERIZATION OF FERROFLUIDS AND BASE OIL
The obtained results regarding the thermal conductivity of the tested samples are shown in Fig. 3 , together with tendency lines and uncertainty gaps (red dashed lines). Here, no effect of nanoparticles can be noticed in thermal conductivity, as tendency lines almost meet each other and are inside tester error gap of ±5% respecting base fluid conductivity in the studied range of temperatures.
Again, very limited effect is found with dynamic viscosity, as it can be seen in Fig. 4 , although in this case the variation of viscosity clearly overcomes the uncertainty gap (red dashed lines) in three of the nanoparticle concentrations. The same occurs with density, in Fig. 5 , at each concentration. Their evolution with temperature is similar to those provided by manufacturers. The analysis of the relationship between viscosity and shear stress seems to support the Newtonian behavior of the base fluid and the nanofluids. As can be seen in Fig. 6 , the viscosity remains almost constant at different shear stress obtained from the rotor speed changes for tested samples. These viscosity values met with those previously showed at test temperature (≈298K). This absence of changes in viscosity at different shear stress is a characteristic of Newtonian fluids, as it means that they do not depend each other.
The distribution of values of breakdown voltage obtained in the tests is shown in Fig 7, together with the mean values for each concentration. Some of these values are lower than the one specified by the base fluid manufacturer for the dry natural oil due to the presence of moisture, whose mean levels are summarized in Fig 8. Water, as a polar substance, eases the transmission of charges in the oil, and reduces the voltage that the samples are capable to withstand [28] .
As it can be seen in Fig. 7 , the mean breakdown voltage of base fluid is slightly improved, especially at lower concentrations of nanoparticles, with a maximum enhancement of 16% at 0.2 kg/m 3 . At larger concentrations the effect is lost progressively, showing even voltages lower than the base fluid ones. It is also noticeable that these improvements occurred with samples with lightly larger contents of moisture regarding the base fluid, according to Fig. 8 . With the same moisture contents, these improvements may have been even more pronounced. Another possible effect In these results, no interaction between the nanoparticles and the water molecules has been found.
Although the scarce effect of the tested concentrations on thermal properties, the increase of concentration trying to improve these properties is hindered by the evolution found in the breakdown voltage, as from 0.5 kg/m 3 this parameter is lower than that showed by the base fluid. The addition of nanoparticles must reach a compromise between dielectric and thermal properties variations.
Respecting the other dielectric parameters studied, according to Fig. 9 , the dissipation factor (tanδ) experiences a continuous increase with the nanoparticles concentration raise, just the opposite tendency that is shown by both polarity resistivities (R). The values of the resistivity for each polarity differ each other less than the 35% set in the IEC 20247 for consecutive resistivity tests, so these results have been validated. This reverse effect of nanoparticles on these properties has already been noticed in other researches [31] , [44] .
In view of these results, following steps of the research were carried out with the optimum concentration found, in this case 0.2 kg/m 3 , according to its breakdown voltage. Due to the scarce effect of nanoparticles on them, thermal properties cannot be considered. In order to be able to infer conclusions, the base fluid was also tested. For both fluids, the equations of their main properties according to the temperature were obtained from experimental results and the manufacturer (C p ). These are summarized in Table 4 and applied at the governing equations of the CFD model.
B. EXPERIMENTAL SETUP
The results obtained from the platform are shown in Table 5 as temperature gradients relative to the ambient temperature. In each probe, for both the natural ester base fluid and the ferrofluid, the temperature stability criteria were fulfilled. As it can be seen in this table, the increase of temperature is lower when ferrofluid is used as cooling fluid. The difference between the two fluids is higher in the overload regime (more heat to dissipate) and it decreases when the load rate is lower, up to almost zero for the underload regime in some of the probes. This is more noticeable by focusing on the gradients obtained at the windings, T Cu (Fig. 10) . Here the differences noticed between the gradients for each cooling fluid and load index are expressed as a percentage reduction of temperature.
C. CFD SETUP SIMULATION
Considering the geometric simplifications applied and the small differences between the temperatures reached with both fluids in the experimental platform in C =1 and C =0.7 tests, it was decided to simulate the model only in the case of load index C =1.3. As the temperature variations are more significative in this case, due to the larger load and heat dissipated, it may be more suitable to compare both the experimental and computational results for the ferrofluid and the base oil. In the other cases (C =1 and C =0.7) the differences are so small that the experimental and numerical error considered prevent an adequate comparison.
Those results from the CFD simulations at overload regime are collected in Table 6 , together with the experimental results to ease its comparison. Natural ester results reflect differences between experimental and computational temperatures (in K) lower than 1% in all the probes, so the CFD model has fulfilled the condition of validation. In the case of the nanofluid these differences are higher than 1%. In that case, the temperatures estimated by the numerical model are slightly higher than those obtained experimentally. This situation suggests that, in the ferrofluid, some additional forces or interactions appear, different from those that occur with the base fluid, not considered among the underlying physics of the CFD model.
IV. DISCUSSION AND CONCLUSION
The characterization and cooling testing of a Fe 2 O 3 vegetalbased nanofluid for transformer application are presented in this paper. The properties of both components and the preparation method of the samples are also described.
Six different concentrations (0 -0.5 kg/m 3 ) have been subjected to the measurement of different physical and dielectric properties as viscosity, thermal conductivity, density, dielectric strength, moisture content, resistivity and dissipation factor. Whereas no influence on the three first were noticed, probably due to the low concentrations of nanoparticles, an optimal improvement of natural ester AC Breakdown Voltage of 16% was found at 0.2 kg/m 3 of Fe 2 O 3 . Similar conditions and results were found in two of the cited references, with iron nanoparticles [25] , [29] . Resistivity and dissipation factor also show variations according to available bibliography. This dielectrically optimized nanofluid has been tested from the point of view of its cooling capacity in an experimental setup. A single-phase distribution transformer (800 VA) has been submerged in both samples of base fluid and nanofluid while working at three different load levels. Five temperature probes placed strategically in different points of the transformer have registered their temperature evolution. The results show a better behavior of the nanofluid respecting the base fluid, with lower gradients of temperature against the ambient one, up to −11.2 % at the largest load regime. This effect is less pronounced when the load of the transformer decreases. Thus, these nanofluids works better when the heat to dissipate is larger.
These experimental results have been checked against those obtained from a thermal-hydraulic CFD 2D model of the setup. While the model is validated when the transformer is cooled by the natural ester, this is not accurate enough to represent the behavior of the nanofluid. Some conclusions can be drawn from the above. In the first place, the presence of nanoparticles enhances the breakdown voltage of natural ester, conditioned by the concentration of the nanofluid. The main theory that explains this is the supposed capacity of nanoparticles to capture and thus slow down the electrons, hindering the formation of discharges and streamers [19] , [25] , [29] , [30] . This capacity might disappear at larger concentrations of nanoparticles as they build conductive bridges that ease the flow of electrons [25] . Its dependence on the presence of water molecules, widely certified in related literature [28] , has also been noticed.
Other dielectric properties as dissipation factor or resistivity has suffered variations due to the presence of Fe 2 O 3 nanoparticles, in function of their concentration. It seems that the presence of conductive particles supports conductivity processes, decreasing the resistivity. This, together with the polarization of the nanoparticles, supposes an increasement of dielectric losses and thus of the dissipation factor [31] , [44] . Logically, these variations are more pronounced at higher nanoparticles concentrations.
The Fe 2 O 3 nanoparticles are also able to improve the cooling capacities of the base fluid. A reduction of hotspot winding temperature is found with the nanofluid as a coolant. This is especially significant as this parameter has a direct relation with the transformer' lifespan, that depends on the structural integrity of dielectric cellulosics in touch with the wires, susceptible to thermal degradation [45] . Although, this is not due to changes in viscosity or thermal conductivity with the addition of nanoparticles. The evolution of physical properties of base fluid does not show significant changes due to their presence, not enough by themselves to justify this effect. Improvements in thermal conductivity are usually explained according to four main theories, as they are the Brownian motion of the nanoparticles in the fluid, conductive covers due to the ordering of fluid molecules around the particle, conductive bridges due to particle aggregation or the transmission of heat in ballistic thermal phonons [18] , [46] , [47] , shown in Fig. 11 . In this case they are not suitable to explain the improvement in convection, as no changes have been noticed in conductivity. The appearance of these phenomena may be constrained by low nanoparticle concentrations, and the addition of larger concentrations is hindered by the evolution of dielectric properties.
In parallel to this, the disability of the validated CFD model to represent the behavior of the nanofluid triggers the idea of the presence in the tested nanofluid samples of other forces beyond those considered during the simulations. An explanation for the improved cooling capacity of ferrofluids is the interaction between the ferrofluid and the magnetic field generated by the transformer, since this interaction was not considered by the CFD model. This has been noticed and explained in other works: the existence of thermomagnetic convection due to the changes in magnetic susceptibility between the hotter and colder parts of the ferrofluid [42] , [48] . This difference raises when the amount of heat to dissipate increases, as the magnetic susceptibility decreases with the temperature. Further research with non-magnetic nanoparticles in similar conditions is necessary from this point, to check their effect on the cooling of the experimental setup.
The applicability of these nanofluids would depend on many aspects. Firstly, from the environmental standpoint, the application of ferrofluids in transformers would not suppose potential danger. According to the consulted references, these nanoparticles have a limited effect at the concentrations proposed. Also, it should be considered the location of the transformers in pits, designed to minimize pollution from the scarce dielectric oil leakages to the environment.
Secondly, the results show an improvement of the effect of the nanoparticles with the temperature: the closer are the working temperatures to those of the real distribution and power transformers, the higher is the improvement.
Finally, it would be necessary to study other aspects of the application of nanofluids in transformers, as the evolution of their properties in working conditions, their performance in complex forced cooling circuits or how they would affect equipment as pipes or pumps.
If their viability is confirmed, the effect of nanoparticles on cooling and dielectric capacities, in case of application of this nanofluid in the cooling circuits of transformers, would allow transformers to work at higher loads or in safer conditions dealing with the challenges to come.
